ABSTRACT
INTRODUCTION
Peripheral nerve injury, which carries a high cost to healthcare systems and affect 13 to 23 per 1×10 5 persons each year, is categorized in the Seddon classification based on the extent of damage to both the nerve and the surrounding connective tissuein level one trauma centers (Chhabra et al., 2014; Kaya and Sarikcioglu, 2015) .Especially in response to proximal sectioning of axons, some nerve cells might go to apoptosis, with permanently lower number of regenerating neurons. Unlike in the central nervous system, regeneration and reinnervation in the peripheral nervous system is capable even it is fragile and easily damaged, which can be due to neuropathies, traumatic injury, tumor-related surgery or repetitive compression (Evans, 2001; Griffin et al., 2014; Pfister et al., 2011) . Schwann cells (SCs) are the endogenous and principal glial cells of the peripheral nervous system and orchestrators of regeneration, which can switch from a myelinating to a phagocytic phenotype, through chemotactic signaling, and then recruit circulating macrophages into the zone of injury (Gomez-Sanchez et al., 2015; Kegler et al., 2015) . Any interruption during the process of reuniting SCs and the regenerating axon might result in chronic SC senescence, down-regulation, a loss of axonal support and compromised recovery (Li et al., 2001) . Acellular nerve allograft (ANA) is one of the most promising substitutes for nerve autografts. Peripheral nerve allograft is available in great abundance and offers the potential for size/length and motor/sensory specificity (Zhang et al., 2015) . Processing nerve allograft is limited to short gap distances of 3cm without enough viable SCs whose number and activity have been emphasized in the peripheral nervous system (Saheb-Al-Zamani et al., 2013) . It is necessary to achieving sufficient autologous SC numbers with explanation of healthy nerve. Any interruption and damage of healthy peripheral nervous system result in irreversible loss of SCs. Besides, primary Schwann cells are not accessible for harvest and seeding into autografts, as a result, the use of cultured stem cells which can differentiate into SCs in vitro considered impractical (Kitada, 2012) . The differentiation of stem cells into Schwann cells and neural stem cells were proposed as candidates for transplantation with the potential to replace lost neurons or increase the number of glial support cells, and finally rescue and replenish axotomized neurons (Kitada, 2012; Vroemen et al., 2007) . Recently, skin-derived precursors (SKPs), a type of novel multipotent progenitor cell, have been reported in the dermis of both neonatal and adult skin, which are characterized by similar gene expression patterns and functional properties as neural crest-derived cells in the embryonic stage (McKenzie et al., 2006; Sparling et al., 2015) . Previous research demonstrated that SKPs can be induced to differentiate into neurons and Schwann cells (SKPSCs) under specific differentiating culture conditions (Fernandes et al., 2004; Zhang et al., 2014) , which may be an accessible and efficacious cell source for remarkably promoting peripheral nerve regeneration in 15 mm nerve defects in rats through being seeded into ANA (Seo et al., 2013) . MicroRNAs (miRNAs) are a class of non-coding small RNAs, 18-22 nucleotides in length, which bind to target genes and then suppress the translation or induce degradation of the target gene mRNA (Liu et al., 2016) .As a well-characterized oncogenic miRNA, miR-21 is consistently up-regulated in the dorsal root ganglion (DRG) after peripheral nerve injury, where the primary sensory neurons exist (Sakai and Suzuki, 2013) . It is implied that miR-21 and its modulatory system may be a therapeutic target for intractable chronic neuropathic pain. Many previous studies demonstrated the direct interaction between miR-21 and SOX2. The induction of miR-21 strongly inhibited SOX2 expression andthe opposite effect was observed upon miR-21 inhibition strikingly (Polajeva et al., 2012; Singh et al., 2015; Trohatou et al., 2014; Yang and Rana, 2013) . Previous studies in our lab found that heregulin-1β with SKP-SCs/ANA transplantation represented a powerful therapeutic approach, and facilitates the efficacy of acellular nerve allograft in peripheral nerve injury. However the detailed mechanism remains to be elucidated, which we explored in this study. First we found and validated miR-21 and its target gene SOX2 played important role in peripheral nerve injury in vitro. And then it was suggested that heregulin-1β may increase the synergistic effect between SKP-SC and ANA through inhibiting miR-21 in vivo.
MATERIAL AND METHOD

Generation and culture of Skin-derived precursor cells-Schwann cells (SKP-SCs)
Skin-derived precursor cells (SKPs) were generated from dermis of postnatal day 2 Wistar ratsand cultured according to published protocols (Walsh et al., 2010) . Briefly, pups were quickly decapitated and skin on the dorsal torso was sterilized with a 70% EtOH swab prior to removal with sterile scissors. Collected tissue was minced in Hank's Balanced Salt Solution (HBSS) on ice and then incubated for approximately 45 min in 0.1% collagenase at 37 °C. Skin pieces were mechanically dissociated, washed in cold DMEM and passed through a 40 μm cell strainer. Filtrate was centrifuged at 1200 rpm and the pellet was triturated and resuspended to a concentration of 50,000 cells/mL in culture media (DMEM-F12, 3:1, Gibco), containing 1% penicillin/streptomycin (Sigma), B-27, 20 ng/mL EGF, and 40 ng/mL bFGF (Gibco). Cells were cultured and passaged three times as undifferentiated spheres in 25 cm 2 tissue-culture flasks (Corning) in a 37 °C, 5% CO2 tissue-culture incubator. The SKPs were confirmed with the staining of nestin and fibronectin on cell surface. To induce differentiation towards Schwann cells, spheres were triturated and replaced on poly-dlysine/laminin coated culture dishes (Corning) in DMEM/F12 media with 4 μM forksolin, 10 ng/mL heregulin-1β, and 1% N2 supplement (Gibco). After incubation for 1 week, cells appearing under phase contrast to have bipolar SC morphology were isolated with cloning cylinders and expanded in the same medium until > 95% purity was achieved (Jessen and Mirsky, 1992) . SCs were assessed with p75NGFR and S100-β staining (Method of SKP-SCs generation and culture was the same with another paper in our lab which is under review now).
Procedure of acellular nerve allograft (ANA)
Twenty adult SD rats (200-250 g) underwent sciatic nerve transection and repaired with ANAs. Donor rats were anesthetized with chloral hydrate (350 mg/kg) during all surgical procedures. All surgeries were performed bilaterally. After skin incision, the sciatic nerve and its branches were exposed bilaterally following a gluteal splitting incision. With the aid of an operation microscope, the sciatic nerve (20 mm) was severed and removed closed to the obturator tendon in the mid-thigh. To prepare the ANA, the 20-mm sciatic nerve was rinsed with HBSS and freezed in liquid nitrogen for 2 min following a 2 min rewarming 2 times, and stored in liquid nitrogen. Prior to transplantation one day, the ANA was incubated with 2 U/mL chondroitinase ABC or PBS for 16 h at 37 °C, then washed 2 times with HBSS and stored in 0 °C (ANA procedure was the same with another paper in our lab which is under review now).
Animal experiment
Male Sprague Dawley (SD) rats (7-8weeks old, 250-300g) were obtained from Shanghai Laboratory Animal Center. All animal experiments were approved by the Institutional Animal Care and Use Committee of Fudan University, China. The temperature was 22 ± 1℃. The humidity was 55 ± 5%. The photoperiod is 12 hours a cycle. There were 4 rats in every cage. After a 3 days' adapting period, 16 SD rats were divided into 2 groups (n = 8 rats each): ANA + SKP-SC (n = 8), and ANA + SKP-SC + heregulin-1β treated group (n = 8), and underwent exposure of the right sciatic nerve injury. With the aid of an operation microscope, the recipient nerve was transected at 5 mm proximal to the sciatic trifurcation and 15-mm nerve was removed. The defect was reconstructed with an ANA. The graft was coated to the host nerve stumps by epineurial neurorrhaphy using one 9-0 proline suture at each end. For ANA+SKP-SC and ANA + SKP-SC + heregulin-1β treated groups, 3µL of 2 × 10 6 cells/mL SKP-SCs were injected into an ANA at the proximal end and distal end from the anastomosis 3mm using a micro-injector under an SXP-10 microscope at 10× magnification, respectively. For ANA + SKP-SC + heregulin-1β treated group, 500 ng/mL of heregulin-1β was injected into the ANA. At the 8-week endpoints, the sciatic nerve was harvested en bloc ~3 mm proximal and ~4 mm distal to the interposed graft. The nerves were stored in 3% glutaraldehyde or 4% paraformaldehyde until use.
Culture and treatment of Schwann cells
Schwann cells (SCs) were isolated from sciatic nerves of 1-day-old SD rats and treated to remove the fibroblasts using anti-Thy1.1 antibody (Sigma, St Louis, MO) and rabbit complement (Invitrogen, Carlsbad, CA) as previously described. The final cell preparation consisted of 98 % SCs, as determined by immunostaining with S100β, a specific SC marker (data not shown). Primary cultureof SCs was maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10 % fetal bovine serum (complete medium) at 37 °C under humidified 5 % CO2. The cell culture was passaged no more than three times before the following tests. To induce the hypoxic condition in vitro, SCs were cultured at 37 °C in a humidified incubator with a mixture of 1 % O2/5 % CO2/94 % N2 for indicated times. Primary cultured SCs were transfected with miR-21 inhibitor mimic, or miR-NC (negative control, Ribobio, Guangzhou, China), respectively, using Lipofectamine RNAiMAX transfection reagent (Invitrogen).
Total RNA isolation, reverse-transcription and RT-PCR for mRNA Total RNA was isolated by using a UNIQ-10 column and TRIZOL Total RNA Isolation Kit (Sangon, Shanghai, China). One microgram of total RNA was used for reverse transcription in a reaction volume of 20 μL using Cloned AMV Reverse Transcriptase (Invitrogen, Carlsbad, CA).
Two microliters of cDNA were used for real time PCR using TaKaRa Ex Taq RT-PCR Version 2.1 kit (TaKaRa, Shiga, Japan). Gene-specific PCR primers for SOX2 and GAPDH are listed as Table 1 , and PCR signals were detected with a DA Engine Opticon 2 Continuous Fluorescence Detection System (Bio-Rad, Hercules, CA, USA). PCR was monitored for 45 cycles sing an annealing temperature of 60°C. At the end of the PCR cycles, melt curve analysis and 2% agar electrophoresis was performed to assess the purity of the PCR products. Negative control reactions (no template) were routinely included to monitor potential contamination of reagents. Relative amounts of SOX2 mRNA were normalized to that of GAPDH mRNA. Quantitative RT-PCR of mature miRNAs Real-time quantification was performed using an Applied Bio systems 7500 Sequence Detection system. The 20 µL PCR reaction included 1 µL RT product (1:5 dilution), 0.5 µL Universal reverse primer, 0.5 µL of sense primer, and 10 µL mix buffer (DBI Bestar® SybrGreen qPCR masterMix). The reactions were incubated in a tube (DBI Bestar® SybrGreen qPCR masterMix). The reactions were incubated in a 96-well optical plate at 94 °C for 2 min, followed by 40 cycles of 94 °C for 20s, 58 °C for 20s and 72 °C for 20s. All reactions were run in triplicate. miR-21 and U6 primers used are listed as Table 1 .
Protein isolation and Western blotting analysis
To evaluate the SOX2 expression change in vitro affected by miR-21, the concentration of protein extracts from cells and nude mice was determined using a BCA kit (Pierce, Rockford, IL, USA) respectively, and 20 μg protein lysates were separated on 10% SDA-PAGE gels followed by transfer to nitrocellulose membranes. Western blotting analysis was performed as previously described, and the signal was detected using an ECL system (Millipore, Billerica, MA, USA). Antibodies used in this study included anti-rat SOX2 (1:4000, Santa Cruz) and anti-rat gapdh (1:10000, Santa Cruz).
Cell proliferation detection
After miR-21 inhibitor treatment for 72 h through Lipofectamine™ 2000 (Invitrogen, US), 100 uL CCK8 (Dojindo, Japan) solution was added into each well were incubated for 1h in the incubator. The absorbance was measured at 450 nm using a microplate reader.
Apoptosis assay
After miR-21 inhibitor transfection for 72 h, the apoptotic cells were quantified using the Annexin V/PI apoptosis kit (Multiscience, Hangzhou, China). Rat SCs were collected, washed with PBS, and resuspended in 200 µL binding buffer containing 5 µL annexin V (10 µg/mL) for 10 min in the dark. The cells were then incubated with 10 µL PI (20 µg/mL), and the samples were immediately analyzed using flow cytometry (Beckman Coulter, Epics XL, USA). Data acquisition and analysis were performed using CellQuest software.
Cell cycle assay
After miR-21 inhibitor transfection in hypoxic enbviroment for 72 hours, SCs were collected, washed with PBS, and resuspended in 250 µL binding buffer. Then the cold dehydrated alcohol was added into this buffer at 4°C overnight. After treatment, the cells were collected again and then incubated with 200 µL PI (20 µg/mL) using Cell cycle staining kit (Multiscience, Hangzhou, China). The samples were immediately analyzed using flow cytometry (Beckman Coulter, Epics XL, USA). Data acquisition and analysis were performed using CellQuest software.
Data analysis
For real-time PCR data analysis, we chose the relative quantification method to determine the changes in the expression of the target mRNAs/miRNAs. The change in amplification was normalized to the expression of the GAPDH/U6 RNA. The fold change in expression was calculated for each sample using 2-ΔΔCt, where ΔΔCT = (Ct target gene -Ct GAPDH/U6) PIH-(Ct target geneCt GAPDH/U6) control. A2-ΔΔCt >1.5 or <0.67 was considered differentially expressed mRNA/miRNA. 
RESULTS AND DISCUSSION
Effect of heregulin-1β on nerve regeneration in rats with peripheral nerve injury According to our previous research, we transplanted ANA+SKP-SC+ heregulin-1β into rats which underwent exposure of the right sciatic nerve and detected miR-21 and SOX2 levels by realtime-PCR and western blot assay. As Fig 1 showed, compared to ANA+SKP-SC group, miR-21 level of ANA+SKP-SC+ heregulin-1β group was effectively inhibited ( Fig 1A) and SOX2 expression was increased accordingly (Fig 1B) . Peripheral nerve injury breaks the neurites, endoneurium, perineurium and the surface of microvessels (Mika et al., 2015) . Our previous research demonstrated that transplantation of SKP-SCs and ANA in peripheral nerve injury may promote nerve recovery and regeneration. Here, our previous study proposed and revealed that under permissive conditions, transplantation of SKP-SCs and ANA seeded with heregulin-1β may have better effect on nerve regeneration. So we designed our experiment to explore the molecular mechanism of effect of heregulin-1β on peripheral nerve injury. In order to fine the relationship between heregulin-1β and miR-21, we firstly transplanted SKPSC+ANA+heregulin-1β into rats with right sciatic nerve injury as our previous study described and then tested the expression of miR-21 and SOX2. We found that miR-21 was also decreased effectively as what miR-21 inhibitor did with induced SOX2 expression accordingly, which demonstrated that heregulin-1β may increase the synergistic effect between SKP-SCs and ANA through inhibiting miR-21 in vivo.
Detection of miR-21 and SOX2 expression in hypoxic Schwann cells
The result in Fig 1A and 1B suggested that miR-21 expression was increased time-dependently after SCs were treated with hypoxic environment for 12 h, 24 h and 36 h (Fig 2A) and the protein level of SOX2 was effectively silenced accordingly (Fig 2B) . After miR-21 inhibitor transfection for 24 h, miR-21 expression was significantly inhibited (Fig 2C) and SOX2 protein expression was up-regulated as shown in Fig  2D. We isolated and generated the rat hypoxic SCs model to imitate the nerve injury micro-environment according to verified protocol. Results showed the increased miR-21 expression with suppressed SOX2 expression accordingly, which implied that miR-21 expressed highly in SCs with injury. Cell apoptosis was analyzed using flow cytometry after miR-21 inhibitor transfection for 72 h based on CCK8 results. Compared to NC group, SCs exposure to miR-21 inhibitor presented typical inhibition from apoptotic morphology with cell shrinkage, nuclear fragmentation, and cellular rupture into debris. The occurrence of apoptosis was significantly lower in cells treated with miR-21 inhibitor with respect to negative control group (Fig 4A and 4B) . To investigate whether the cell cycle arrest is one of the major cellular responses to treatments, we performed the cell cycle analysis by flow cytometry. Cell cycle distribution was analyzed using flow cytometry after miR-21 inhibitor transfection and hypoxia pre-treatment for 72 hours. Compared to NC group, cells accumulated in G2 phase were decreased in response to miR-21 inhibitor, and this response was further augmented. The ratio of G2/G1 was decreased and G1 cell cycle arrest was induced after miR-21 inhibitor transfection (Fig 5A and 5B ). Cell number distribution in different phases (S phase, G1 phase and G2 phase) examined by flow cytometry was calculated withexposure in hypoxic environment for 24 h followed by miR-21 inhibitor transfection for 72 h. Data are shown as the mean ± standard deviation. All experiments were repeated independently three times. * Indicates P<0.05 versus the data from negative control group detected at the same cell phase.
As described, during development of the peripheral nerve injury, it is important that Schwann cells differentiate into highly specialized myelinating and nonmyelinating cells and maintain the ability to revert back to a non differentiated, proliferative phenotype (Mizisin, 2014; Wang et al., 2015) . In this recovery process, SOX2, one of the group of transcription factors, may be decreased in immature Schwann cells as the Schwann cell begin to differentiate with the form of myelin, and then induce pluripotent stem cells from adult somatic cells (Kegler et al., 2015; Le et al., 2005) .
In adult peripheral nerves, SOX2 expression is reinduced in the Schwann cell following nerve injury (Wang et al., 2010) . Recent study indicates that SOX2 may encode a transcription factor that is crucial for maintenance of neural stem cell pluripotency (Hauser et al., 2012) . Enforced expression of SOX2 inhibits SCs differentiation, promots increased responsiveness to proliferative stimuli, suppresses myelin gene expression and prevents the ability to myelinate axons, which may result from inhibiting Egr2 expression, and thereby, suppresses subsequent expression of myelin genes (Le et al., 2005) . It has been found that miR-21 down-regulate SOX2 protein expression by binding to the 3'UTR region of SOX2 mRNA (Trohatou et al., 2014) . Silencing SOX2 expression in neural crest stem cells may reverse the inhibition of differentiation from neural crest stem cells to Schwann cells conducted by antagomir-21, which suggests that highly expressed miR-21 may promote this differentiation through inhibiting SOX2 protein expression (Ni et al., 2014) . Other research shows that miR-21 might have specifically function by inhibiting the primarily level of SOX2 in human mesenchymal stem cells (MSCs) and might also act as a key molecule determining MSCs proliferation and differentiation (Trohatou et al., 2014; Yang and Rana, 2013) .Also for other diseases such as glioma, miR-21 and SOX2 are revealed tightly regulated already during embryogenesis and define a distinct population with putative tumor cell of origin characteristics (Polajeva et al., 2012) .
CONCLUSIONS
In conclusion, it was aligned with our results that heregulin-1β we chose may increase the synergistic effect between SKP-SC and ANA which may promote the recovery and regeneration of peripheral nerve injury through inhibiting miR-21 and inducing SOX2 consequently.
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